A biological indicator (Bl) for use in thermal or chemical sterilization processes consists of standardized bacterial spore preparations which are usually in the form either of suspensions or of spores dried on carriers. Bl is usually placed in dummy packs located at strategic sites in the sterilizer. After the sterilization process, the aqueous suspensions or spores on carriers are aseptically transferred to an appropriate culture medium, which is then incubated and periodically examined for signs of growth. Spores of Geobacillus stearothermophilus ATCC 7953 or 12980 are used for steam, formaldehyde, hydrogenperoxide, ozone sterilization monitoring, and these are incubated at 55°C. Spore of Bacillus atrophaeus ATCC 9372 is used for ethylene oxide and dry heat sterilization monitoring, and incubated at 30-35°C. When the paper strip type Bl is used, aseptic transfer is indispensable.
INTRODUCTION
A biological indicator (Bl) is a medical device containing a known number of microorganisms of a known strain and resistance to an inactivation process. Bl is used to assess the lethality or degree of microbiological inactivation delivered by a process. Bl consisting of bioburden can be applicable to a validation study. They include the absolute bioburden method and combined Bl-bioburden method (ISO 14161) . The effort to disentangle concepts of sterility assurance from the killing of standard Bls is a prerequisite for microbiologists involved with sterility assurance systems.
The first commercial available Bl for the control of steam sterilization was introduced in 1957, shortly after the publication of a detailed description of the use of spores of Geobacillus stearothermophilus (G. sterothermophilus) (Brewer et al., 1956) . Sterilization processes are employed for many products in both the food and pharmaceutical industries. In the food industry test organisms of Clostridium species are often utilized. On the contrary, as Bl, Bacillus species are more often and more commonly used in the pharmaceuticals industry. The range of commercially available endospore indicators is now wide (photo 1), with products from several manufacturers in various parts of the world. Spores are now being employed in the control study of a variety of nonconventional sterilizing /decontamination applications in addition to large-volume manufacturing processes. These include, for example, the surface sterilization of implants by ultraviolet light (Singh and Schaaf, 1989) and the testing of microwave ovens (Jeng et al., 1987) and dental sterilizers to avoid HIV infection (Miller, 1993) .
Selection of Bl
Regardless of the application, spores to be used as Bl should possess a number of desirable characteristics: 1. Bl should possess an appropriate level of resis- PHOTO. 1. This paper is mainly concerned with the properties of spores used for the manufacture of Bl. In that meaning, it should be kept in mind that the carrier material of Bl will have a significant effect on indicator performance (Shintani and Akers, 2000; Shintani, 1996) . It must permit easy access of the lethal agent to the spores within the primary pakage (Gurevich et al., 1993) and restrict accidental contamination by organisms from the surroundings (McCormick, 1988) . As viable counting will yield more useful information than the mere positive or negative results, the indicator should disintegrate or dissolve readily in agar media to facilitate such counting.
The traditional way of preparing Bl has been to use absorbent paper as a carrier onto which aqueous spore suspensions are dried. This procedure entails the risk that the spores will irreversibly bind to, or become entrapped within the paper matrix and so give a low result for viable counts on the supernatant after centrifugation of the paper fibers. This source of error may be overcome by complete homogenization and dispersion of the paper carrier (Everall and Morris, 1978: Kazuma, 2002) or, by use of a calcium alginate carrier which will completely dissolve in aqueous salt solutions but not in steam (Hanlon and Hodges, 1993) .
Clostridium species are often the most relevant for the food industry, and Clostridium sporogenes is frequently employed in the design of food disinfection processes, and the name of the spore can also be found in ISO 11134 A6.6 (moist heat sterilization) as a bioburden for sterilization of health care products. However, C. sporogenes is not included in ISO 11138-3 (Bl for moist heat sterilization) . The main reason is because the organism is pathogenic, it is eliminated from commercial Bl products even if the Clostridium species possesses an appropriate resistance (Figure 1 ) . Obligate thermophils which do not grow at 37 °C are obviously the best choice as nonpathogens. In this respect G. stearothermophilus has been used almost exclusively for the monitoring of steam sterilization in the pharmaceutical industry even if the organism is rarely found as a bioburden. Bacillus coagulans has also been recommended as an alternative (Jones and Pflug, 1981) and described in ISO 11134 A.6.6 as a bioburden, but B. coagulans has not been officially approved as Bl (ISO 11138-3) . In addition, the D value of B. coagulans is smaller than that of G. stearothermo-philus (Block, 2001) .
By using Bl, studies were performed on the heat inactivation kinetics and it was found that the germination indices of 20 strains of Bacillus spores were produced on each of three defined media (Hoxey et al., 1985) . In addition, marked differences in the extent of sporulation on the three media was observed, which coincides with the author's experience (Shintani and Akers 2000; Shintani, 1996) . If spores with a high degree of dormancy are used for Bls, an increase in colony count or a shoulder on the survivor curve might arise as a consequence of sublethal heating. Both this phenomenon and that of nonlinear heat inactivation kinetics would render a spore crop or species unsuitable as a candidate for the manufacture of Bl because it would not be possible to quote a meaningful D value. According to ISO 11138-1, the shoulder phenomenon between No (initial population) to 0.5No can be neglected, however it is an ISO rule without scientific rationale. The shoulder and tailing phenomena on a survivor curve should be avoided for Bl fabrication. Pflug (2001) has presented the possession of extreme heat resistance by bacterial spores (Figure 1) . Figure 1 shows the relative resistances displayed by the common organisms. Despite the fact that G. stearothermophilus has been extensively used and studied, it is not always the most heat resistant organism: Clostridium therrmosaccharolyticum has been reported to exhibit higher resistance than G. stearothermophilus ( Figure 1 ) . Occasionally spores of aerobic mesophils have also been reported to pos- Cited from Pflug (2001) . These are mostly from ISO/DIS 11138 series. a Under discussion at ISO TC 198 (2005) .
sess D121 values which exceed 1.0 min and exactly in ISO 11138-3, the D121 of G. stearothermophilus ATCC 7953 between 1.5 to 2.5 min is approved. A variety of G. stearothermophilus strains have been examined as potential Bls. Strain ATCC 12976 has been used to some extent in the past, but now the strains which are employed by most manufacturers of Bls are ATCC 7953 and ATCC 12980 (Graham and Boris, 1993) ; however, ISO 11138-3 has approved only strain 7953. It would appear, however, that substrains of these are likely to be in use and this method using a bioburden most tolerable to the sterilization found in the plant is approved as an absolute bioburden method (ISO 14161, Shintani 1998). Spore of Bacillus atrophaeus (B. atrophaeus) is invariably employed for both dry heat and ethylene oxide, with ATCC 9372 being the most commonly used strain (ISO 11138-2 and ISO 11138-4) . Radiation sterilization is so amenable to monitoring by physical dosimeters (ISO 11137) that Bls are usually considered to be unnecessary. However, Bacillus pumilus ATCC 27142 is usually considered to be the most suitable strain if a Bl is required for such sterilization processes, and in the ongoing revision of ISO 11137, Bl use is now under discussion. Sterilization by lowtemperature steam formaldehyde is less frequently employed as a gaseous sterilization method than ethylene oxide, but if it is used for sterilization, the Bl for that sterilization is G. stearothermophilus ATCC 9372 (ISO/DIS 11138-5) .
The above described Bls are presented in Table 1 .
Factors affecting Bl performance
The factors which influence the performance characteristics of endospores as Bls fall into five major categories as follows: 1. The intrinsic resistance of the organism selected. 2. Environmental influences during growth of the vegetative organism and sporulation methods of harvesting the endospores, and manufacture of the Bl.
3. Post-harvesting modification of spore characteristics. 4. Bl design (photo 1) . 5. Media and cultural conditions used to recover survivors after exposure.
This paper is concerned with the relevance and reproducibility of inocula, and their application to quality assurance and testing programs. The first three of these factors are mainly from the review by Russell (1982) . His description concerned on the recovery of spores exposed to lethal agents. More recent data on injured organism recovery have been cited from Adams (1995) . The influence of vegetative growth conditions on the composition and performance properties of endospores has been described by Pflug (2001) . Factors affecting spore development and post-harvesting modification of the spore properties will be considered in detail in this paper.
3. Spore resistance resulting from environmental influences 3-1. Levels of definition Spore properties are influenced by the rate and extent to which the environment of a batch culture changes as logarithmic growth ceases and sporulation proceeds. Thus, while it is possible to precisely define the medium composition in a chemostat at steady state in a batch culture, the concentration of available nutrients changes simultaneously with parameters such as pH and redox potential (Eh) (Gilbert et al., 1995) . The developments, in terms of definition of cultural characteristics and properties of organisms to be used as inocula, which have been achieved in other areas of bacteriology, are less in evidence with respect to endospores. Culture age, sporulation temperature, medium composition, and pH have all been considered at various times to have either a marked effect or none. It is obvious that the properties of a batch of spores are likely to be a reflection of the composition of the medium and the conditions under which the spores were formed. Attempts to achieve reproducibility for organism growth are an essential factor of the culture media (El-Bisi and Ordal, 1956; Sasaki et al., 2000; Shintani, 1996; Brown et al., 1995) . The use of a chemically defined (synthetic) medium is developed empirically by adjustment of the concentration of medium components to achieve good sporulation and the desired spore properties (Anderson and Friesen, 1972) . The use of media defined in terms of the nature of the specific nutrient will restrict vegetative growth and induces sporulation. In such circumstances the degree of excess of the nonlimiting nutrients is also known (Hodges and Brown, 1975; Lee and Brown, 1975) .
The details of the production processes in the commercial manufacture of Bls are unknown because they are mostly confidential, but a few indications are available in published work (Kazuma, 2002; Raven Report, 1995) .
G. stearothermophilus and B. atrophaeus are undoubtedly the most important and well-studied organisms used as Bls. The benefits of innovated medium in terms of reproducibility of sterilant resistance and germination rate have been experimentally demonstrated (Friesen and Anderson, 1974; Hodges, Melling and Parker, 1980; Hoxey et al., 1985) .
3-2. Modification of spore resistance
Spores used in Bls must possess a level of resistance to the lethal agent within a relatively narrow specified range. In practice this is normally achieved by using a BIER (biological indicator evaluator resistmeter, and culture medium with appropriate growth conditions which have been developed empirically over a long period to show a satisfactory product. Clearly the medium composition and environmental conditions are defined as precisely as possible and rigorously standardized in attempts to minimize batch to batch variation (Graham and Boris, 1993; Shintani, 1996) . If the desired resistance and dormancy are not achieved, then the potential exists, even after harvesting of the spores, for these characteristics to be modified to conform with the performance specifications. To be of practical value, such treatments must be capable of affecting both increases and decreases in resistance values, and should be applicable to the properties of the spores as expressed within Bl (i.e., dried onto an inert carrier or suspended in culture medium and sealed into an ampoule). Gould (1985) , for the modification for heat/chemical resistance and dormancy of endospores, listed a total of 16 treatments which are known to affect changes in these properties. The majority of these treatments, however, could only be used to reduce resistance. Two treatments only were capable of increasing resistance, viz., cation exchange and adjustment of the equilibrium water content in the spores. Furthermore, only the former could realistically be applied to spores to be dried onto a carrier. Adjustment of water content can be achieved by suspending spores in solutions of known water activity (Aw), but this is impractical because the addition of the necessary solutes to the medium in sealed ampoules of spore suspension might influence the subsequent growth of any spores surviving the sterilizing agent. The cation exchange properties of bacterial spores have been reviewed (Gerhardt and Marquis, 1989 
3-3. Stability of Bl
The vast majority of published work on spores as sterilization indicators has been concerned primarily or exclusively with resistance. The other important factors to influence Bl properties must also be considered. They are, for example, spore viability, longevity, germination rates, and the stability of the resistance characteristics during long-term storage. These factors have rarely been studied in any systematic fashion. There are several reports on the stability with respect to resistance during storage (Raven Report, 1995; Reich and Morien, 1982; Smith et al., 1976) . However, these often describe the effects of storage conditions, such as temperature and humidity, for a single spore crop rather than comparing the resistance stability of different spore crops cultured and allowed to sporulate in various media. The reproducibility of Bl performance is clearly dependent upon the maintenance of appropriate storage conditions between manufacture and use. Spores have shown to be most stable in terms of spore viability and heat resistance when stored at 4°C and 0% relative humidity (Smith et al ., 1976; Reich and Morien, 1982) , and under these conditions there is a only slight fall in resistance within 1 year (Raven Report, 1995) . When stored at ambient temperatures and 50% or more relative humidity, then the stability of the spores and their performance characteristics are markedly prejudiced. The heat resistance of G. stearothermophilus spores harvested from a minimal salt defined media, has been shown to be stable during storage in aqueous suspension at 5 °C for 2 years (Friesen and Anderson, 1974) , and for at least 1 year when the spores were dried on paper over silica gel at room temperature. Lyophilization might be expected to minimize changes in heat resistance during storage. This has been shown to be the case for B. atrophaeus spore obtained from nutrient agar cultures (Odlaug et al., 1981) although the process itself resulted in a slight fall in spore viability. G. stearothermophilus spore, obtained from a glucose-limited culture grown in a defined minimal medium, were also stable after lyophilization, although the process resulted in a viability loss and reduced heat resistance compared with that of the native spores immediately after harvesting (Alpin and Hodges, 1979) .
Evaluation and interpretation
of survived Bl The recovery system should support the growth of the Bl organism after it has been exposed to a sublethal process, e.g. a very short cycle. If this control does not show growth, the test is invalidated. Two main approaches to culturing survivors are currently employed. The first, a drop test, involves dropping the Bl after taking off any envelopes into the recommended recovery broth and incubating the Bl for the development of turbidity. The second method involves subjecting the naked Bl to disintegration in the case of paper carriers, or shaking/sonication for removal from carriers that will not break down. The resultant suspension of organisms can then be plated using conventional techniques to count survivors.
The drop test only provides evidence of kill or survival. Thus, if, let say, ten Bls have been distributed in the load and exposed to the validated sterilization process and all show no growth, clear conclusions can be drawn. However, a fraction negative result, e.g. one out of ten positive, cannot be advantageously interpreted by recourse to statistical considerations, e.g. most probable number calculations. The underlying principle for the proper application of these statistical methods is that ten Bls have been exposed to exactly the same process of inactivation following the validated sterilization procedure. This is not a reasonable assumption when, for example, an ethylene oxide sterilizer or autoclave has been seeded with Bls in different positions specifically to find out if homogeneous lethality prevails. The surviving Bl may indicate that validated concentration of gas or penetration of steam cannot be attained. Bl that would just give a positive result if subjected to a drop test, may reveal a truly weak location in the sterilizer, which is the so-called cold spot.
There is another aspect which should be noted: experience shows that in situations where a drop test in broth shows a positive result, enumeration often shows a zero count. From this it may be speculated that a single damaged survivor may recover and grow to produce turbidity in broth, but would not produce a visible colony on the solid medium used for enumeration. It is possible that incubation of a filter on a brothsoaked pad may enable enumeration at low survivor levels that would not be detected on agar medium. The significance of this phenomenon in sterilization processes which incorporate generous safety margins is not likely to be great.
Enumeration enables a graph of survivors versus extent of process to be plotted, and thus the course of inactivation can be defined. By a process of extrapolation and confirmatory testing, the necessary minimum extent of the process of inactivation can be deduced. Cycles can then be defined by time or gas concentration plus time after a suitable safety margin has been added.
A presumption made above is that the survivors are the Bl organisms. Should another organism grow, this poses a question whether or not this was a random Bl can be applied (Table 1 ) and the same factors as for steam sterilization should be taken into consideration.
5-3. Bll for gaseous sterilization For gaseous sterilization, physical measurements of gas concentrations within a given load are difficult to perform. Therefore, the use of Bls (Table 1) is prescribed by ISO/DIS 11138-5 (formaldehyde) and ISO/DIS 11138-2 (EOG) for every cycle. Bl use should be regarded more favorably than in the more easily and precisely monitored heat sterilizers. However, the same statistical considerations apply as in all other cases. Mapping of the exact conditions in the sterilizer is relatively difficult by means of BI exposure compared with physical sensors.
Chemical indicator (Cl)
Chemical monitoring of a sterilization process is based on the ability of heat, steam, sterilant gases and ionizing radiation to alter the chemical and/or physical characteristics of a variety of chemical substances. Ideally, this change should take place only when satisfactory conditions for sterilization prevail, thus confirming that the sterilization cycle has been successfully completed. In practice, the ideal indicator response is not always achieved and so a necessary distinction is made between (i) those Cls which integrate several sterilization parameters (i.e. temperature, time and saturated steam) and closely approach the ideal; and (ii) those which measure only one parameter and consequently can only be used to distinguish processed from unprocessed articles. Thus, indicators which rely on the melting off-a chemical substance show that the temperature has been attained but not necessarily maintained. Type (i) of integrated Cl may be considered for use in a validation study after confirming the equivalency between Bl and Cl in a validation study, but not type (ii), which only indicates to distinguish processed or nonprocessed matter.
CIs generally undergo melting or color changes, and the relationship of this change to the sterilization process is influenced by the design of the test device. It must be remembered, however, that the changes recorded do not necessarily correspond to microbiological sterility and consequently the devices should never be employed as sole indicators in a sterilization process for validation study (ISO 11138) . Nevertheless, when included in strategically placed containers or packages, CIs are valuable monitors of the conditions prevailing at the coolest or most inaccessible parts of a sterilizer (cold spot) . Concerning CIs, please refer to ISO 11140 series.
Physical indicators
Information on heat distribution and penetration to confirm cold spots within a sterilizer can be gained by the use of thermocouples placed at selected sites in the chamber or inserted directly into test packs or bottles.
For gaseous sterilization procedures, elevated temperatures are monitored for each sterilization cycle by temperature probes, and routine leak tests are performed to ensure gas-tight seals. Pressure and humidity measurements are recorded. Gas concentration is measured independently of pressure rise, often by reference to the weight of gas used.
In radiation sterilization, a plastic (often perspex) dosimeter which gradually darkens in proportion to the radiation absorbed gives an accurate measure of the radiation dose and is considered to be the best technique currently available for following the radiosterilization process because it only requires physical parameters and not Bl and Cl for release (dosimetric release, ISO 11137) . However, the revising document of ISO 11137 will be required Bl for sterility assurance confirmation in addition to physical parameters. As Bl, B. pumilus or B. megaterium will be considered as candidate spoes.
Future studies of Bl
The most commonly cited criticisms of the use of Bl is the disadvantage of having to wait during the incubation period before the sterilized material can be released or sterilized health care products can be used. Consequently there has always been an incentive to produce indicators which give a reliable result in the shortest possible incubation period. This has resulted in a procedure for validating incubation periods of less than 5 days (FDA guide; ISO 14161) . This incentive has been further heightened in recent years with the increasing use of flash sterilization processes in which exposure periods of 3.0 min to steam at 132 °C are used for surgical instruments (Kotilainen and Gantz, 1987; McCormick, 1988) .
Bl normally reveals sterilization failure by the display of either turbidity or acid production in the culture medium used for incubation of the exposed indicator. There have been several recent approaches to the development of alternative means for detection which accelerate the sterilization validation process.
Measurement of APT, using firefly luciferase, permits detection within 5 h of Bl containing G. stearothermophilus spore which have survived a steam sterilization cycle (Webster et al., 1988 
